A-kinase-anchoring protein 149 (AKAP149) is a member of a structurally diverse, though functionally similar anchoring protein family and is localized to the outer membrane of mitochondria and in the endoplasmic reticulumnuclear envelope network. AKAP149 plays an important role in controlling the subcellular localization and temporal specificity of protein phosphorylation and mRNA metabolism by tethering kinases and phosphatases, such as protein kinase A and type I protein phosphatase, through its N-terminal protein-binding motifs and mRNAs via its C-terminal RNAbinding motifs. It is well recognized that caspases play a central role in transducing and amplifying the intracellular death signal and that apoptosis is executed as a consequence of caspase-mediated cleavage of multiple cellular substrates. The identification of novel death substrates and elucidation of the consequences of their proteolytic cleavages by caspases are therefore crucial for our understanding of cell death and other biological processes. Herein, we demonstrated that AKAP149 is a direct substrate of active caspase-3, -8 -and -10 in vitro and in vivo.
Introduction
cAMP activates protein kinase A (PKA), a broad specificity tetrameric Ser/Thr protein kinase and plays an essential role in the regulation of many important cellular activities (1, 2) . PKA is comprised of two regulatory and two catalytic subunits. The binding of two cAMP molecules to each regulatory subunit promotes dissociation and activation of the catalytic subunit. As a consequence of this interaction, the catalytic subunit is able to catalyze the phosphorylation of local substrates. Specificity of PKA phosphorylation is achieved via the anchoring of PKA through the interaction of the regulatory subunit of PKA with A-kinase-anchoring proteins (AKAPs) (3) (4) (5) . AKAPs are a family of >50 structurally diverse, though functionally similar anchoring proteins that have in common the ability to bind to the regulatory subunit of PKA. The targeting of AKAPs through this mechanism ensures that PKA is exposed to cAMP gradients locally generated by adenylyl cyclases and phosphodiesterases (PDEs) thus allowing for an appropriate substrate selection (3, 6) . AKAP149 (7) , also designated AKAP1, is a human 149 kDa anchoring protein homologous to mouse AKAP121 identified in the mitochondria (8) (9) (10) and in the endoplasmic reticulumnuclear envelope network (11) . The anchoring of PKA by AKAP149 to mitochondria supports cAMP signaling and ONCOLOGY REPORTS 19: 1577 -1582 , 2008 Specific proteolysis of the A-kinase-anchoring protein 149 at the Asp582 residue by caspases during apoptosis suppresses apoptosis (12, 13) . PKA localization at this organelle promotes the phosphorylation and subsequent inactivation of the pro-apoptotic protein Bad (13) . In addition, AKAP149 has been reported to tether to the protein phosphatase type I (PP1) regulatory subunit, which enhances PP1 phosphatase activity toward B-type lamins upon nuclear envelope reformation at mitosis exit, in order to promote lamin dephosphorylation and polymerization (11) . AKAP149 also carry a K homology (KH) and a Tudor domain (10) . These domains participate in various RNA/protein-binding interactions (14, 15) , including associations with structural elements in the 3'-untranslated region (3'-UTR) of mRNAs and are responsible for regulating the localization, stabilization and translational regulation of these mRNAs (16) (17) (18) (19) (20) (21) .
It is now well recognized that apoptosis is executed by the caspase-mediated cleavage of multiple cellular substrates and that these substrates also act as transducers and amplifiers that determine the apoptotic threshold and cell fate (22) (23) (24) . To date, 14 human and murine caspases have been identified and characterized (23, 24) . Previously published studies have determined that caspase-1, -4, -5 and -11 are involved in cytokine maturation and inflammatory responses, while the remaining family members are primarily involved in apoptotic signaling pathways. Initiator caspases (caspase-2, -8, -9, -10 and -12) contain a long N-terminal prodomain which is essential for the recruitment of activation factors, while effector caspases (caspase-3, -6, -7 and -14) have a shorter prodomain, which requires cleavage by activated initiator caspases (22) (23) (24) . As a consequence of the activity of effector caspases, or through the direct action of initiator caspases, the activity of many structural and regulatory proteins is altered; some are inactivated while other substrates can be activated. In addition to determining the apoptotic threshold and cell fate, caspase substrates can regulate the key morphological changes in apoptosis. Therefore, elucidating the consequences of caspasemediated proteolytic cleavage is critical for our understanding of cell death and other biological processes.
As a result of a systematic and genome-wide screen, we have recently identified five novel putative substrates, including murine AKAP129, of initiator caspase-8 and -10 in vitro (25) . In our study, we present evidence that AKAP149, a human protein homologous to mouse AKAP121, is a bona fide proteolytic target that is specifically cleaved by caspases during apoptosis in cells. In addition, we present evidence in the present study demonstrating that AKAP149 activity is deregulated by caspase-dependent proteolysis during apoptotic cell death. The results of this study further our understanding of the mechanisms by which initiator caspase-8 and -10 regulate apoptosis and as a result these studies will contribute to the further characterization of the pathways required for the regulation of apoptosis.
Materials and methods
Cell cultures and drug treatment. The human lung carcinoma cell line A549, acute lymphoblastic T cell line Jurkat and cervical cancer cell line HeLa were all obtained from ATCC (USA) and cultured in F12K, MEM, or RPMI-1640 media (Wellgene, Korea) supplemented with 10% heat-inactivated fetal bovine serum (Wellgene), 10 U/ml of penicillin (Wellgene) and 100 mg/ml of streptomycin (Wellgene) in a humidified incubator with 5% of CO 2 at 37˚C atmosphere for the appropriate time. For inhibition experiments, Jurkat T and HeLa cells were pre-incubated with z-DEVD-fmk (Calbiochem, USA) or z-IETD-fmk (Calbiochem), cellpermeable and irreversible inhibitors of caspase-3 and -8, respectively (26) , for 30 min and subsequently treated with indicated amounts of apoptotic stimuli, the anti-Fas monoclonal antibody CH-11 (Upstate, USA) and staurosporine (Sigma, USA) for 24 h. The transfection of HeLa cells was performed by using the lipofectamine transfection reagent (Invitrogen, USA) according to the manufacturer's instructions.
Cloning of wild-type and D582E mutant of AKAP149.
The entire open reading frame (ORF) of AKAP149 was cloned from cDNA of A549 cells into BamHI (New England Biolabs, USA) and EcoRI (New England Biolabs) sites of pCITE4a (Novagen, USA) with the following oligonucleotide primers (Bionics, Korea): sense, 5'-CGCGGATCCGCGATGGCAA TCCAGTTCCGT-3'; and anti-sense, 5'-GGAATTCCGGAA GGCTTGTGTAGTAGCT-3'. The ORF of AKAP149 was also subcloned into BamHI and EcoRI sites of pcDNA3.1-myc/ his A (Invitrogen) for expression in mammalian cells. Wildtype of AKAP149 inserted into pCITE4a and pcDNA3.1-myc/ his A plasmids was used as templates for creating the D582E mutant AKAP149: the Asp residue at position 582 of AKAP149 were mutated to Glu, using the QuickChange sitedirected mutagenesis kit (Stratagene, USA) according to the manufacturer's instructions with the following oligonucleotide primers (Bionics): 5'-GAACAGCATGGATTCCGTCCGTG GAGAGCTGTTGCAGTCTCAAGAAG-3' and 5'-CTTCTT GAGACTGCAACAGCTCTCCACGGAATCCATGCT GTTC-3'. Each construct was verified by automated DNA sequencing (Bionics) of the two strands.
Preparation of 35 S-labeled proteins and proteolytic cleavage assay in vitro.
35 S-labeled AKAP149 proteins (wild-type and D582E) were transcribed and translated in vitro from pCITE4a-AKAP149 wild-type and D542E plasmids using the TnT coupled reticulocyte lysate system (Promega, USA) in the presence of 35 S-methionine (PerkinElmer, USA) according to the manufacturer's instructions. The labeled proteins were incubated with 10 units of recombinant and active human caspase-1, -2, -3, -8, or -10 (Calbiochem) in the caspase reaction buffer (20 mM Tris-HCl, pH 7.5, 10 mM DTT and 0.1 mM EDTA) at 37˚C for 1 h. Cleavage reactions were stopped by the addition of 4 x SDS-sample buffer and boiled for 5min. Proteins were then separated by SDS-PAGE gel, dried using a gel-dryer with vacuum at 80˚C for 1 h and were visualized by autoradiography.
Immunoblot analysis. Cells were collected, washed with cold PBS and lysed in lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate and 0.1% SDS) supplemented with protease inhibitor cocktails (Roche, Germany). The lysates were clarified by centrifugation at 15,000 x g for 15 min at 4˚C. Protein content was measured through the Bradford (Bio-Rad, USA) method. An aliquot (30 or 50 mg of protein per lane) was resolved by SDS-PAGE and blotted to the nitrocellulose membrane. Immunoblotting was then carried out using the primary antibodies. Mouse anti-AKAP149 monoclonal antibody was purchased from BD Biosciences (USA), mouse anti-ß-actin monoclonal antibody was from Sigma and rabbit anti-myc polyclonal antibodies were from Cell Signaling Technology (USA). The specific protein bands were visualized by SuperSignal West Pico Luminol (Pierce, USA) and exposed on Hyperfilm (GE Healthcare, USA).
Evaluation of apoptosis. Apoptosis was evaluated by staining cells with annexin V-FITC (BD Biosciences) and propidium iodide (PI, BD Biosciences). To quantitate apoptosis, prepared cells were washed with cold PBS and re-suspended in a binding buffer (10 mM Hepes/NaOH, pH 7.4, 140 mM NaCl and 2.5 mM CaCl 2 ) at a concentration of 1x10 6 cells/ml. Then, 5 ml of annexin V-FITC and 10 ml of PI were added to these cells and samples were analyzed with a FACScan flow cytometer (Calibur, BD Biosciences).
Results and Discussion

AKAP149 is proteolytically cleaved in vitro by active caspase-3, -8 and -10.
We recently reported (25) the construction of a mouse cDNA library and its use in performing a systematic and genome-wide screen for novel in vitro substrates of initiator caspases. As a consequence of these studies, we successfully identified five positive mouse cDNA fragments, including AKAP129, as putative caspase substrates (25) . In our study, we examined whether AKAP149, a human homologous protein to mouse AKAP121, is a bona fide proteolytic target that is specifically cleaved by caspase(s) during in vivo apoptosis.
We examined whether full-length AKAP149 was cleaved by caspases in vitro. 35 S-labeled, full-length AKAP149 protein was transcribed and translated in vitro from pCITE4a-AKAP149 plasmid using the TnT coupled reticulocyte lysate system was incubated with 10 units of recombinant and active human caspase-1, -2, -3, -8 or -10. It was determined ( Fig. 1 ) that in the presence of caspase-3, -8 or -10, 35 S-labeled AKAP149 was completely cleaved into two fragments of 105 and 45 kDa while in the presence of caspase-2 or -1, respectively, AKAP149 was either partially cleaved or remained intact. These results indicate that AKAP149 is a cleavage substrate of caspase-3, an effector caspase, as well as initiator caspase-8 and -10. In addition, these data demonstrate that AKAP149 is not a primary substrate of another initiator caspase, caspase-2. Furthermore, since caspase-1 has been implicated in cytokine maturation and inflammatory responses rather than in apoptotic cell death pathways (23, 24) , the observations that caspase-1 does not elicit cleavage of AKAP149, while a number of pro-apoptotic caspases are able to do so, suggests that AKAP149 cleavage may occur predominantly during apoptotic cell death. . The recruitment and oligomerization of caspase-8 and -10 to DISC results in autocatalytic activation and is required for the initiation of cell death signaling pathways. In addition, it has been reported that AKAP149 is able to form a molecular complex with multiple protein kinases and phosphatases that play a critical role in the integration of signaling networks in cells; these proteins include PKA, PKC and PP1 (2,10-12,30,31).
AKAP149 is cleaved by caspases in vivo during
Our observations (Fig. 1) , lead us to examine whether AKAP149 was a bona fide cleavage target of caspases during cellular apoptotic death that was specifically triggered by cellular death receptors and/or the inhibition of protein kinase activity. Jurkat T and HeLa cells were treated for 24 h with an anti-Fas monoclonal antibody CH-11 (25, 50 or 75 ng/ml) and staurosporine, a cell-permeable and broad-spectrum inhibitor of protein kinases (250, 500 or 750 nM), respectively. Cells were then analyzed for cleavage of AKAP149 by immunoblotting analysis while apoptotic cell death was evaluated by FACScan flow cytometry analysis. CH-11 and staurosporine treatment of Jurkat T and HeLa cells resulted in a steady decrease of detectable levels of fulllength AKAP149 ( Fig. 2A) and an increase of the cleavage product (data not shown). In addition, it was determined that the detection of decreased levels of AKAP149 was dependent on the dose of CH-11 or staurosporine and the observed changes in full-length AKAP149 correlated with the apoptotic rates in these cells (Fig. 2A) . Irradiation (0.5 to 10 Gy) also resulted in the cleavage of AKAP149 in a dosedependent manner in the Jurkat T and HeLa cells (data not shown).
To confirm that CH-11-or staurosporine-dependent AKAP149 cleavage and apoptosis were directly affected by caspase-3, -8 and/or -10 in these cells, we assessed the effect of z-DEVD-fmk and z-IETD-fmk, cell-permeable and irreversible inhibitors of caspase-3 and -8, respectively (26) , using the same experimental sets. It was determined that following 24 h of culture, 40 μM of either z-DEVD-fmk or z-IETD-fmk dramatically inhibited CH-11 (Fig. 2B) or staurosporine (Fig. 2C) in Figs. 1 and 2 indicate that AKAP149 is proteolytically cleaved in cells during apoptosis, as cleavage is dependent upon the activity of caspase-3, -8 and -10.
It has been reported that the anchoring of PKA by AKAP149 to mitochondria supports cAMP signaling (12) . PKA localization at the mitochondrial region promotes phosphorylation and inactivation of the pro-apoptotic protein Bad (13) . Additionally, evidence demonstrates that AKAP149 also tethers PP1 resulting in enhanced PP1 phosphatase activity and promoting lamin dephosphorylation and polymerization (11) . These activities are regulated by the phosphorylation of sites flanking the AKAP149 RVXF motif (30) . Furthermore, it has been reported that binding of mRNAs to the mitochondrial AKAP121 is dependent on AKAP121 phosphorylation by PKA, which may facilitate the import of . The Asp582 residue of AKAP149 is responsible for its proteolytic cleavage during staurosporine-induced HeLa cell apoptosis. HeLa cells were transiently transfected with either wild-type (WT) or D582E mutant (D582E) AKAP149 inserted into pcDNA3.1-myc/his plasmids for 24 h, followed by treatment with 500 nM of staurosporine for an additional 24 h. After harvesting the cells, equal protein concentrations were prepared and subsequently analyzed for levels of exogenously expressed AKAP149 by immunoblotting analysis using rabbit anti-myc polyclonal antibodies. A mouse anti-ß-actin monoclonal antibody was used as a control to verify that equivalent amounts of protein were loaded in each lane. For each condition, a percentage of apoptosis of the corresponding cell was determined by FACScan flow cytometry analysis. This experiment was performed in triplicate and the results of a representative experiment are shown. mitochondrial mRNAs via AKAP121 in response to cAMP stimulation and PKA activation (10) . Therefore, it may be possible that, upon triggering apoptotic signals in Jurkat T cells through Fas receptor transduction, activated initiator caspases, caspase-8 and -10, begin to directly cleave AKAP149 during the early stages of apoptosis. AKAP149 cleavage is completed by downstream effector caspases of caspase-8 and -10 following their complete activation. When protein kinase signaling pathways are blocked in cells, or levels of cellular cAMP are repressed, various intracellular apoptotic signals are triggered and result in the simultaneous activation of caspase-3, -8 and -10 and as a consequence may stimulate the direct cleavage of AKAP149. It remains to be determined whether AKAP149 cleavage occurs prior to Bid cleavage by initiator caspases or mitochondrial damage (27) (28) (29) .
AKAP149 is cleaved by caspases at Asp582 in vitro and in vivo.
In an effort to more completely characterize the caspase(s) responsible for AKAP149 proteolysis during apoptotic cell death, we then investigated the precise cleavage site of AKAP149 by caspase-3, -8 and -10. Our previous studies of the in vitro and in vivo cleavage patterns of AKAP149 (Figs. 1 and 2 and data not shown) suggested that caspase-3, -8 and -10 were likely to share a single cleavage site that may localize to a residue of approximately one third from either terminus of the full-length AKAP149 protein. From these, we narrowed down to a plausible residue at Asp-Ser-Val-Asp582 (DSVD582) as a potential cleavage site of AKAP149 by caspases. To confirm that it is indeed the cleavage site for caspase-3, -8 and -10, we mutated the Asp582 residue to Glu (D582E) by site-directed mutagenesis. It was determined (Fig. 3) that the substitution of Asp582 with Glu completely prevented cleavage by caspas-3, -8 and -10 and the 105 and 45 kDa cleavage fragments were not formed in vitro.
These observations were confirmed in vivo. HeLa cells were transiently transfected with either wild-type or the D582E mutant of AKAP149 for 24 h, followed by treatment with 500 nM of staurosporine for an additional 24 h. Equal protein concentrations were then analyzed for levels of exogenously expressed AKAP149 by immunoblot analysis and for the percentage of apoptosis was determined for the corresponding cell populations by FACScan flow cytometry analysis. As shown in Fig. 4 , levels of exogenously expressed D582E mutant, though not wild-type AKAP149 protein, were not changed in HeLa cells treated with 500 nM of staurosporine for 24 h. In addition, we concluded that cells transiently overexpressing the AKAP149 D582E mutant were also resistant to staurosporine-induced apoptosis.
The identified structural domains of AKAP149, which are schematically outlined in Fig. 3B , are highly conserved when compared to the structural domains of AKAP121 (4, 7, 8, (10) (11) (12) 30, 32) . Consistent with AKAP121, the apoptotic cleavage site of AKAP149 lies between the PKA regulatory subunit anchoring and KH RNA-binding domains. In addition, AKAP149 contains an N-terminal transmembrane domain (7) and harbors a putative consensus binding site for PP1 (11, 30, 32) . Previous studies have reported that AKAP149 recruits the PP1 regulatory subunit to the nuclear envelope upon somatic nuclear reformation and that the sequestering of PP1 to the nuclear envelope is a prerequisite for assembly of B-type lamins (11) . Additionally, the anchoring of PKA by AKAP149 to the mitochondria has been reported to support cAMP signaling and suppresses apoptosis by promoting the phosphorylation and subsequent inactivation of the proapoptotic protein Bad (12, 13) .
Additional studies here have determined that the C-terminal small cleavage fragment (583-903 amino acids) of AKAP149, which is produced as a consequence of caspase-mediated cleavage of full-length AKAP149 during apoptosis possesses a KH and a Tudor domain. The KH RNA binding domain has been reported to be essential for mediating the binding of AKAP121 to mRNA (35, 36) and mRNA binding is positively regulated by phosphorylation of the KH domain by PKA and cAMP. Consistent with this reported role of the AKAP121 KH domain, it has been demonstrated that AKAP121 binds to the 3'-UTR of mRNAs that encode Fo-f, a subunit of mitochondrial ATP synthase and manganese superoxide dismutase, a mitochondrial protein involved in the reduction of oxidative stress (10) . Furthermore, AKAP121 has been shown to bind to the mRNA 3'-UTR of lipoprotein lipase (LPL), an extracellular enzyme hydrolyzing the triglyceride core of circulating chylomicrons (33, 34) . This interaction is critical for the decrease in the extent of LPL mRNA translation following PKA stimulation in white adipose tissue. In addition to a KH domain, AKAP149 contains a Tudor domain, which is also found in many RNA-interacting proteins (37) . Tudor domains may also be involved in DNA binding (38) and protein-protein interaction through binding to Arg-Gly (RG) motifs (39, 40) and to methylated lysine in core histone H3 (41, 42) .
The data presented in this study, support the hypothesis that during apoptotic cell death, AKAP149 is cleaved specifically at residue Asp582 by caspase-3, -8 and -10 resulting in the complete loss of the C-terminal KH and Tudor domains. Following cleavage, our data suggest that the Nterminal large fragment (1-582 amino acids) may still be able to tether protein kinases and phosphatases to the mitochondrial and nuclear membranes thus enabling these molecules to maintain their activity. We cannot, however, exclude the possibility that the N-terminal cleavage product of AKAP149 may somehow lose some, if not all, biological functions. Additional studies are required to fully examine this possibility.
Collectively our data demonstrate that AKAP149 is a novel death substrate that is directly targeted by active caspase-3, -8 and -10 in vitro and in vivo. In addition, the results of these studies suggest that AKAP149 activity may be deregulated by caspase-dependent proteolysis during apoptotic cell death. While additional studies will be required to fully elucidate the apoptosis signaling pathways, these data extend our understanding of the signaling mechanisms and key components required to regulate this process.
